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A Computation of w < ) and w ( 2q>

In this section, we prove Lemma 3.4 of the main paper, which we rename here as Lemma[A4.2] It
= =
provides a closed form for w (]—'5113) and w ( 3113 q) in terms of the in-trees of G rooted at the seeds.

We will use the Matrix Tree Theorem extension for directed graphs (Theorem 2.1 in the main paper),
referred to as MTTdir, and the Determinant Lemma (Lemma[A.T) which we state without proof.

Lemma A.1 (Determinant Lemma [7]). Given an invertible matrix A € R™*™ and u,v € R™ we
have
det(A+uv') = det(A)(1 +v " A ).

Lemma A.2. Let G = (V, E, w) be a directed graph. Let l;jl’[v]
(L[U])_1 for any v € V. Given s1, s5 and g:

represent the entry 75 of the matrix

1. The weight of all 2-in-forests rooted at s; and s5 is
w (FF) = wT I = (T
2. The weight of all 2-in-forests rooted at s; and s, such that ¢ is connected to s; is
w(FZ,) = e - 155,
Proof: Let 1; denote the column j of the identity matrix /. Given a column vector v € RIVI, yls1
denotes the vector v after removing the entry indexed by s;.
1. Let Gy = (V, E U (sg, 51),w) be defined as in Lemma 3.3. We can compute

w(7) o v (1) o (1) o den (£8]) - e (267)

Lemma 3.3 MTTdir

= det (L[GS”HLS;] (1L§”)T> det (2"

1
= det(L[Gl])< +(1[‘1]) (£&) 1[521]>—det(L[Gl])
Lemmal[AT]
det(Lg

(1)

[s1 )E_l[sl] — (Tsl)g— 31]

8289 5282
MTTdir

To prove w (fsi_f)) = w(T“”_g)ls_lls’l[sz] we just need to exchange the role of s; and s3 in
Lemma 3.3 of the main paper and follow the same steps as above.
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2. Letb =14, — 1, and G be defined as in Lemma 3.3 of the main paper. Then

w(FE,) = w(78)-w(7) = det (L)) det (i)

Lemma 3.3 MTTdir

= det (L[g}] + plsa] (1L§1])T> — det (L[C‘j;“)

T 1 @)
= det(LE) (1+(1L§ﬂ) (L[G1]> b[31]>—det(L[Gl])
Lemmal[AT]
S1 — 4,18 —1,[s T —1,[s —1,[s
= det(LE) (5 — i) = w(TT)(g — ),
MTTdir
O

B Directed Random Walker

The Random Walker by Grady [6] answers the following question for undirected graphs: What is
the probability that a random walker starting at node q reaches seed sy before reaching s»? If we
considered the seeds as a set of absorbing nodes, then the probabilities that the Random Walker
computes are the absorbing probabilities of the seeds. The Random Walker can easily be extended
to the directed setting if we compute these probabilities for a directed graph. In this section, we
derive the absorption probabilities of a set of seeds for a directed graph. We expect this result to be
well known but we reproduce it here for the convenience of the reader since we could not find any
suitable reference that expressed these probabilities in terms of the Laplacian matrix. G = (V, E, w)
will stand for a directed graph and S C V' will be the set of seed/labeled nodes and U = V'\S the
unlabeled nodes.

Let L denote the Laplacian matrix of G as defined in Definition 2 of the main paper. We index the
Laplacian matrix block-wise in terms of the unlabeled and labeled

nodes in the following form
_( Ls DB
L= ( By Lo ) . 3)

Remark B.1. Invertibility of Ly: Assume that for any u € U, there exists some s € S = V\U
such that there is a directed path from u to s. Let G denote the graph formed after merging all the
vertices of S into one node s*. By assumption, any node v € U can reach at least one seed in S,
therefore s* will be reachable from any node. Consequently, there exists at least one incoming tree

in G rooted at s*. Due to the Directed Matrix Tree Theorem, det(L[g]) = det(Ly) # 0, which
implies that Ly is non-singular.

In the light of the previous remark we assume that any node u € U can reach at least one of the seeds
s € S via a directed path. Otherwise, if a node could not reach any seed, then it will not have a well
defined directed random walker probability.

For the moment, let us assume that none of the seeds is absorbing, i.e., every seed has at least one
out-going edge. Let

P=D'A=I1-D7'LT 4)
be the transition probability matrix where D and A are defined as in the main text. Note that D
is invertible since we assume that the seeds are not absorbing and any node can reach one of the
seeds, which implies that the out-degree of any node is greater than zero. The entry P;; denotes the
probability of transitioning from node ¢ to node j in one hop. Note that > jev P;; =1 for all 4.

We can express, in conjunction with equation (@), the transpose of the transition probability matrix as

p7_ ( Is—LsDg'  —BiDy’
- —ByDg' Iy —LyDy' )°

Now consider the set of seeds S as absorbing nodes, i.e., once a random walker reaches one of the
seeds the random walker will vanish. Hence, the transition probability matrix will have the following
form



pr_( Is —-B1 Dy 1
0 Iy—LyDy

Theorem provides a closed formula for lim,, . (P™) T which will give us the absorbing proba-
bilities of the seeds. In order to prove it, we need to state a series of definitions and results that we
state without proof [see |8, Chapter 5.6].

Definition 1. Given an arbitrary matrix A € R™*™, we define the 1-norm matrix of A as
m
A4l = max > 1451
i

Lemma B.2. [see(8] Corollary 5.6.16] Given an arbitrary matrix A € R™*™, if ||A||; < 1 then
(A — 1) is invertible and

(I-A)'=) A (5)
=0

Now we can prove the following result.
Theorem B.3. Let P be defined as before then

—1
lim (PT)" = ( Is —Bily )

n—00 0 0

Proof: Let us first prove by induction that

n—1

(FT)" Is —BiDy' Y (Iy — LyDyt)'
=0
0 (IUZ— LyDg')"

It naturally holds for n = 1. By induction

n—1 .
(P = (pTy pT— | 15 B0 (v —LuDy') | (Is —BiDy!
- - i=0 N 0 Iy—LyDy'
0 (I — LuDg')
n—1 .
_ IS _BlDal _ BlD(}l Z (IU _ LUD51)2+1
i=0
0 (IU —LUDal)n+1

Is —B.D;' Y. (Iy — LuDgt)'
1=0
0 (Iv — Ly Dy*

)nJrl

Now we will prove the case when n — co. Let as assume that the limit exist. We express it blockwise
as

n—oo

. T n IS pT
lim (P ) = < 0 P;T .
Since every node v € U can reach a seed node, s, in a finite number of hops, there exists a number of
steps, k' > 0, such that for all & > &/, the probability, Py, (k), of being in seed s at step k, is greater
than 0. Hence, M), := (Iy — LyDy;") ¥ is a substochastic matrix and we have

H(IU — LyDp") H1 — mjaxz [(IU — LyDjY) Lj . 1— ;Spsj*(k) <1.

maximizer
>0



Therfore,

. n . _1\nk
Jim [[M]], = lim. H(IU ~ LyDyg')

— lim H(IUfLUDljl)" 1

‘1 n—00

n—oo

< lim (|[lv - LuDg'(|,)" =0= P, = lim (Iy — LyDy")" =0.

Furtheremore, as a consequence of Lemma[B.2]

o0

(Iy — LyDyY)' = (Iy — Iy + Ly D)~ = (LuDy") ™' = Du Ly

=0

Finally,

n

Pl = lim ~BD;' > (Iy — LyDj')' = —B,Dj' 3 (fv - LoDy

e =0 i=0
= -B1D;'DyL;' = —B, Ly
O

The entry [plT ] <> Where s € S'and u € U, is the probability that a random walker starting at node

u will be absorbed by s. That is because [P, | = 3772 Pu, (k) where Py, (k) is the probability of
being at node s at kth step if you started at u.

Remark B.4. Note that P,/ = —B; Lljl is the transposed version of the linear system solved
by the undirected Random Walker and equivalently the ProbWS [3,6], i.e., P, = — (L/}) -1 Bl.
Since [5 6] consider an undirected graph, which can be interpreted as a directed graph where each
undirected edge has been replaced by a pair of directed edges in opposite directions with the same

weight, the equality (LE) = Lal holds and the transposition becomes irrelevant.

C Proof Theorem 4.3

In this section we prove the Theorem 4.3 of the main paper (here renamed Theorem [C.I), which
states the equivalence between the DProbWS and the Random Walker applied to directed graphs.
Although it replicates step by step the same arguments presented in Theorem 4.1 of [3]], we decided
to include it here for reference.

Theorem C.1. The probability, 27!, that a random walker on a directed graph starting at node ¢
first reaches s; before reaching s» is equal to the Directed Probabilistic Watershed’s probability
(Definition 3 of the main paper)
ryt = P(q~ 51).
Proof: We write the probability of the DProbWS in terms of the inverse of L[*2 (Theorem 3.4 in the
main paper):
Pr(g~s1) = 6;11(1’[52]/6_1’[32}. (6)

S181

Therefore, we only need to know the row s; of (L[s?])f1 to calculate for each ¢ the probability
P(q ~ s1), which can be computed solving the following linear system

(£89) g =1, JE5 40 =y = ((LM)T> L - ((L[”])T> e
™

Here 1;, denotes the column s; of the identity matrix. Note that y is the vector formed by the elements
in the right hand side of (6). Let us assume without loss of generality that the row corresponding to
the seed s; is the first one. Thus, we can express equation (7)) block-wise :

Low  [BS],, (y > Losesti + B w0 ) ( 1/ ) ®)
[Bl]l,, Lo yu [BY],, ys: + Liyu 0 ’

S1



where Ly, 5, is the entry s1s1 of the Laplacian, [B1];, and [Bs]s, are the row and column s; of the
Laplacian without considering the element in the diagonal and Ly are the rows and columns of the
unseeded vertices. Since ys, = Pr(q ~ s1) = 1, we obtain the following linear system of equations

Lo =~ [B] ©

which is the same linear system that the Directed Random Walker solves (see Appendix [B). Therefore
P(q ~ s1) =y, = a3 forall q. O

817

D Proof Theorem 5.1

In this section we prove the Theorem 5.1 of the main paper (here renamed as Theorem [D.1]), which
shows that in the limit case in which the Gibbs distribution has infinitely low temperature, the labeling
of the DProbWS is equal to the one induced by the restriction of the DProbWS to the incoming
directed forest of minimum cost, mSF, or equivalently, the incoming directed forest of maximum
weight, MSF. The theorem follows the reasoning presented in Theorem 5.1 of [5].

Theorem D.1. Let wy.x = max rers w(f). Given two seeds s1 and so, if the entropy of the Gibbs
distribution over the in-forests is minisrilized then
51— ’{f SRV w(f) = wmax}|.
0 {feFs s w(f) = wmaxd

Proof: The entropy of the Gibbs distribution (equation (6) of the main paper) is minimized when
w — oo. For a fixed pg > 0, let us define u = « - g, then

[}

w(e) = exp(—pc(e)) = exp(—a - poc(e)) = wo(e)®,
where wo(e) = exp(—poc(e)). Since p — 00 <= a — 00, we have

S wer X owor X (B0)

— Wmax
rerZ o< rerZ, reFz, atoo
PQ(QNsl) — el — el — 1 = ‘TZI
> Iwo@* > wolh)” 3 (wo(f)> )

fef§ cef fefj:f fefg Wmax

(10

In (x) we used the fact that S(—f) <1 <= w(f) # Wmax- When o — 0o, only for the MSFs the

fraction ( Ifi) does not tend to O, but to 1. Thus, we are counting MSFs. O

E Further experiment details

E.1 Reference methods

ARW method The method proposed in [2] is closely related to ours, due to the use of Absorbing
Random Walks (ARW). Conceptually, this method adds an absorbing meta node to the original graph,
which is connected to every node in by an edge with certain weight w[] The algorithm computes the
random walker expected accumulated number of visits to the seeds starting at a query node before
being absorbed by the meta node. The expected accumulated number of visits provides a notion of
affinity between the nodes. The algorithm assigns the label of the seed that maximizes the expected
accumulated number of visits from the unlabeled query node.

LLUD method The method proposed in [16] also uses the random walker. The LLUD method

considers an optimization problem over the space of classification functions #(V"), which assigns a
real value f(v) to each vertex v € V. The optimization problem is the following

argfggv){ﬂ(f)+vl\f—yll} (11

!The weight 1 is implicitly determined by a parameter « in the algorithm, which we set equal to 0.1 for all
our experiments. See [2] for more details.



where y denotes the function in H (V') defined by y(v) = 1 or —1 if vertex v has been labeled as
positive or negative respectively, and 0 if it is unlabeled. The functional €2 is defined as

1 f(u) f()
Q) == (u) Pyy - , 12
=3 3 =) ( — r(v>> (12)

where 7 is the stationary distribution of the random walker, which is assumed to be unique indepen-
dently of the starting point. E] The functional €2 forces the classification function to be smooth, while
the second term in (TI) forces the function to preserve the label of the seeds. The balance between
this two terms is regulated by the parameter -y

GTG method The method in [4] interprets the classification of the nodes as a transductive game
where each player (node) can choose a strategy among a set of strategies (labels). The proposed
transduction game always has a Nash equilibrium which will define the final labeling. Partial payoffs
between two nodes are defined based on the weight of the edge connecting these nodes. The total
payoff of a node is the sum of its partial payoffs. The Nash equilibrium is computed iteratively till
convergence.

E.2 Datasets

Digits The Digits dataseﬂ [13,[14]] consists of 8 x 8 pixel images of digits. The dataset contains a
total of 1797 images divided in 10 classes corresponding to the different digits. We use this dataset to
construct a KNN graph. The kNN graph is formed by 1797 nodes and 8985 edges.

20Newsgroups The 20Newsgroups dataselE] [3,19]] is a collection of 11314 newsgroup documents,
partitioned across 20 different newsgroups. We only use the train data. We define a kNN graph out of
it. The kNN graph contains 11314 nodes and 56570 edges.

Email-EU The Email-EU datasetE] [LOL 11, [15]] is a directed unweighted graph that was generated
using email data from a large European research institution. An edge (u, v) is present in the graph if
person u sent an email to person v. There is a total of 1005 nodes and 25571 edges. It has a total of
42 classes representing the departments at the research institute.

Cora The Cora dataset[] [12] is a directed graph where each node represents a scientific publication.
An edge (u,v) is present in the graph if paper v cites v. There is a total of 2708 nodes and 5429
edges. It has a total of 7 classes representing the topics of the publications.

CiteseerX The CiteseerX dataselﬂ [13] is a directed graph where each node represents a scientific
publication. An edge (u, v) is present in the graph if paper u cites v. There is a total of 3264 nodes
and 4536 edges. It has a total of 6 classes representing the topics of the publications.

E.3 Kk-Nearest Neighbor graph construction

The Digits and 20Newsgroups datasets are not graph datasets. To process them with the DProbWS,
we construct k-Nearest Neighbor (kNN) graphs out of them. Directed edges of the kNN graphs are
obtained as follows: an edge from node u to node v is present if and only if v is among the k nearest
neighbors of u. In our experiments we set k = 5 as in [2].

?In practice, the uniqueness is ensured thanks to the use of the teleporting random walk.

3In the algorithm, the parameter - is implicitly determined by another parameter 1, which we set equal to
0.9 for all our experiments. See [16l] for more details.

*https://scikit-learn.org/stable/modules/generated/sklearn.datasets.load_digits.
html

>https://scikit-learn.org/stable/modules/generated/sklearn.datasets.fetch_
20newsgroups.html

®http://snap.stanford.edu/data/email-Eu-core.html

"https://web.archive.org/web/20151007064508/http://lings.cs.umd.edu/projects/
projects/lbc/

*https://networkrepository.com/citeseer.php
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To generate the kNN graph first we need to embed the data points into a metric space. In the case
of the Digits dataset, since they are images, we just flatten the 8x8 images into a vector of 64
dimensions. The 20Newsgroups is a text dataset. Via the TfidfVectorizer class implemented
in scikit-learn in Python’, we embed the datapoints into R'39107  TfidfVectorizer maps
a collection of raw documents to a matrix of TF-IDF features, where TF-IDF stands for “Term
Frequency - Inverse Document Frequency". TF-IDF is a statistic that aims to better define how
important a word is for a document, while also taking into account the relation to other documents
from the same corpus [1]].

Once the data points have been embedded, the weight of the assigned edge (u,v) is given by
Wy = exp(—||f(u) — f(v)]]), where f(u) is the image of the node u in the embedding space. Note
that the structure of the graph and the weights depend on the distances between the nodes in the
embedding space. If the representation of the data in the embedding space is poor, so will be the
labeling.

E.4 Hardware

The hardware we used is a machine with Intel Xeon E5-2650V3 CPU.

E.S5 Teleporting random walker

As pointed out in Remark 3.1, if a node cannot reach any seed via a directed path, the DProbWS
method is not able to infer the label. Such nodes are known as zero-knowledge nodes. From the
tree perspective view, the zero knowledge nodes do not belong to any in-tree rooted at the seeds and
therefore the DProbWS probabilities are all equal to zero.

Due to the high sparsity of the citation networks (Cora and CiteseerX), many of the nodes are
zero-knowledge nodes and therefore its label can not be inferred. Inspired by [[16], we remedy this
by replacing the natural random walker by the so-called teleporting random walker (TRW). In the
TRW setting, a random walker jumps uniformly at random to any node with probability 7, and with
probability (1 — 7)) takes a step of the natural random walker. This ensures that any node can reach
any other node. Let P and Prgy be the transition probability matrices of the random walker and the
teleporting random walker. Formally, they are related as follows

Praw = (1—17)P+%(11T—I), (13)

where 1 is the column vector full of ones, [ is the identity matrix of appropriate size and n is the
number of nodes in the graph.

Since both ARW [2]] and DProbWS methods are based on the random walker, we can implement the
variants ARWtrw and DprobWStrw, which make use of the TRW. We set the 7 value equal to 10~6
for all datasets except for the Digits dataset, where n = 1072,

In practice, the TRW approach is equivalent to add to every node out-going edges towards the rest
of the nodes. By adding these out-going edges to each node the graph becomes a complete graph.
Hence, we can not exploit the efficient sparse linear solvers. The next section proposes an efficient
computation of the DProbWStrw probabilities, that permits to use sparse linear solvers at the expense
of solving an extra linear system. The results presented in the Experiments section for the TRW
variants have been been computed without this speed-up by inverting the dense Laplacians.

E.5.1 Efficient computation of the DProbWStrw probabilities

In this section we will show that in the DProbWStrw variant, to use a TRW with self-loops is
equivalent to use the TRW without self-loops. Thanks to this equivalence, we can exploit the
Sherman-Morrison formula (Lemma which permits to take advantage of the sparsity of the
graph.

In Theorem 4.2 we have proven the equivalence between the random walker and the in-forest
approaches. Thanks to this equivalence we can easily show that self-loops do not play a role in the

https://scikit-learn.org/stable/modules/generated/sklearn.feature_extraction.
text.TfidfVectorizer.html
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DProbWS probabilities. Since any in-forest does not contain cycles, and therefore self-loops, the
set of in-forests of a graph remains the same if we add self-loops to the graph. Therefore, the total
weight of the set of in-forests is not modified by adding self-loops to the graph. Consequently, the
DProbWS probability is unchanged (see Definition 3). In light of Theorem 4.2, this implies that the
random walker absorption probabilities of the seeds are also independent of the presence of self-loops.
Intuitively, we can argue that in the long run the number of steps the random walker remains immobile
at a node (number of steps that the random walker traverses a self-loop) is irrelevant to the seed
absorption probability.

Formally, the graph with self-loops and without self-loops define the same Laplacian matrix. Let
A be the adjacency matrix of the graph without self-loops. If we add self-loops to the graph, the
adjacency matrix of the graph with self-loops will be A = A+d, where d is a diagonal matrix
indicating the weights of the self-loops edges. Therefore,

L=D-A"=D+d— (A" +d)=D- AT =1,
—~ =
D AT

i.e., the Laplacian of the graph without self-loops, L, and with self-loops, L, are the same. As a
consequence of Theorem 3.5, the DProbWS probabilities are also equal for both graphs.

Note that, although the Laplacians are unaffected by adding self-loops, the random walker transition
probabilities at each node will differ by adding a self-loop. However, a random walker defined on a
graph with self-loops will determine the same absorption probabilities as a random walker on the
same graph without the self-loops. This equivalence holds because the transition probabilities of the
graph with self-loops, at each node, conditioned to not traverse the self-loop of the node are equal to
the transition probabilities in the graph without the self-loops.

The following lemma proposes a variant of the TRW with self-loops which defines the same DProbWS
probabilities as the TRW without self-loops described in the previous section (13).

Lemma E.1. The TRW without self-loops proposed in (T3) determines the same DProbWS proba-
bilities as the TRW with self-loops defined by the following transition probability matrix

A 1
Prrw = (1 —ﬁ)P+ﬁﬁllT, (14)

nmn
n+n—1"°

where 1) =

Proof: As argued in the previous paragraphs, we just need to show that the transition probabilities
of the TRW with self-loops at each node conditioned to not traverse the self-loop are equal to the
transition probabilities in the graph without the self-loops. The probability of traversing a self-loop in
the TRW with self-loops is equal to

Prrw (self-loop) = —.

SIS

Consequently, the transition probability of the TRW with self-loops from node i to node j conditioned
to not traverse the self-loop is given by

Prrw (j]i) _ Prew (i) ifij

pTRW (]‘17 ﬁself_loop) = 17FA)TRW (self»loop) 17%
0 ifi=7

Hence, the transition probability of the TRW with self-loops conditioned to not traverse any self-loop
will be equal to

. 11 71
PrRrw,—selt-loop = (1 - Z)P + N 17 i (117 - 1).

nn :
Tn—1 Ve obtain

Substituting 7} by

pTRW,—\selffloop = (]- - 77)P + # (11T — I) = PTRW,



i.e., we retrieve the transition probability matrix of the TRW without self-loops (T3). O

Next, we will express the linear system that the DProbWStrw solves in terms of the PT R Matrix,
instead of the Laplacian. The DProbWS method solves the following linear system (Theorem 4.2) for
each seed s

Liay = — B ] (15)

s°

Thanks to the relation between the transition probability matrix and the Laplacian exposed in (@), the
linear system (T3) is equivalent to

(I—PJ)JJ?J=—{BH : (16)

S

where [ is the identity matrix with the appropriate size and 3; = DalBlT , with D the diagonal
matrix whose entries are the out-degree of each node. [

If we use the TRW with self-loops, as a consequence of (T4)), equation (I6) becomes

((1—77) (I—PJ)+211T> w8 = —(1— 1) [BIL—ZL (17)

or alternatively

((I—PJ)+n(1ﬁ_ﬁ)llT> ol = — [Bﬂs—ﬁl (18)

The difference between the matrices of the linear systems in (I6) and (I8) is equal to a 1-rank matrix

_ Ty _ T 77 T — _ ﬁ T
(I-P)) ((1 PU)+n(1ﬁ)ll> 771(1777)11.

Therefore, we can apply the Sherman-Morrison formula [7]].

Lemma E.2 (Sherman-Morrison formula [7]). Given an invertible matrix A € R™*™ and u,v € R™

we have
A lypT AL

TV L o4-1
(A+uv) =A =

if and only if v T A~ 1w # 1.

Let N = I — P, then we can apply Lemmato (18] and obtain

= (0 et) ()
(o) (). at)

_ -1 i N7'11TN AT 7
~— (N Cnl-i) 14 A aTN-11 )\ {BlL_ n(l—ﬁ)l (19)
Lemmal[E 2] n(1—m7)

— N1 {Bﬂ A !
s n(l—=1)

1117 N1 [AT
77 N7'11'N [Bl :|S 77 2 N-111TN-11
n(1—7)

n(1=1) 14 ;7L51TN 11 i

+
1 + ﬁlTNfll

-n

1"We assume that the out-degree is distinct of zero for all nodes in the set of unlabeled nodes U.



Equation (T9) shows that z}, can easily be computed via (T8), if we compute N ! {Bf— } and

S
y = N~'1. Computing the term N ! [B:r ] =1- PJ BI is equivalent to solve the linear
system in (I3). Hence, by exploing the Shermann-Morrison formula (Lemma|[FE.2), we just need

to solve the extra linear system Ny = 1, which costs much less effort than solving a dense linear
system per seed.

References
[1] M. Borcan. Tf-idf explained and python sklearn
implementation. https://towardsdatascience.com/
tf-idf-explained-and-python-sklearn-implementation-b020c5e83275, June

2020. [Online; accessed 04-May-2021].

[2] J. De, X. Zhang, F. Lin, and L. Cheng. Transduction on directed graphs via absorbing random
walks. IEEE Transactions on Pattern Analysis and Machine Intelligence, 40(7):1770-1784,
2018. doi: 10.1109/TPAMI.2017.2730871.

[3] D. Dua and C. Graff. UCI machine learning repository, 2017. URL http://archive.ics,
uci.edu/ml.

[4] A.Erdem and M. Pelillo. Graph transduction as a non-cooperative game. In X. Jiang, M. Ferrer,
and A. Torsello, editors, Graph-Based Representations in Pattern Recognition, pages 195-204,
Berlin, Heidelberg, 2011. Springer Berlin Heidelberg. ISBN 978-3-642-20844-7.

[5] E. Fita Sanmartin, S. Damrich, and F. A. Hamprecht. Probabilistic watershed: Sampling
all spanning forests for seeded segmentation and semi-supervised learning. In H. Wallach,
H. Larochelle, A. Beygelzimer, F. d Alché-Buc, E. Fox, and R. Garnett, editors, Advances in
Neural Information Processing Systems 32, pages 2780-2791. Curran Associates, Inc., 2019.

[6] L. Grady. Random walks for image segmentation. IEEE Transactions on Pattern Analysis and
Machine Intelligence, 2006. ISSN 01628828. doi: 10.1109/TPAMI.2006.233.

[7] D. A. Harville. Matrix Algebra From a Statistician’s Perspective. Springer-Verlag New York,
1997. ISBN 978-0-387-78356-7.

[8] R. A. Horn and C. R. Johnson. Matrix Analysis. Cambridge University Press, 1990. ISBN
0521386322.

[9] K. Lang. Newsweeder: Learning to filter netnews. In Proceedings of the Twelfth International
Conference on Machine Learning, pages 331-339, 1995.

[10] J. Leskovec and A. Krevl. SNAP Datasets: Stanford large network dataset collection. http:
//snap.stanford.edu/data, June 2014.

[11] J. Leskovec, J. Kleinberg, and C. Faloutsos. Graph evolution: Densification and shrinking
diameters. ACM Trans. Knowl. Discov. Data, 1(1):2—es, Mar. 2007. ISSN 1556-4681. doi:
10.1145/1217299.1217301. URL https://doi.org/10.1145/1217299.1217301.

[12] S. A. Macskassy and F. Provost. Classification in networked data: A toolkit and a univariate
case study. Journal of Machine Learning Research, 8(34):935-983, 2007. URL http://jmlr!
org/papers/v8/macskassyO7a.html,

[13] R. A. Rossi and N. K. Ahmed. The network data repository with interactive graph analytics and
visualization. In AAAL 2015. URL http://networkrepository.com.

[14] L. Xu, A. Krzyzak, and C. Suen. Methods of combining multiple classifiers and their applications
to handwriting recognition. IEEE Trans. Syst. Man Cybern., 22:418-435, 1992.

[15] H. Yin, A. R. Benson, J. Leskovec, and D. F. Gleich. Local higher-order graph clustering. In
Proceedings of the 23rd ACM SIGKDD International Conference on Knowledge Discovery
and Data Mining, KDD ’17, page 555-564, New York, NY, USA, 2017. Association for
Computing Machinery. ISBN 9781450348874. doi: 10.1145/3097983.3098069. URL https!
//doi.org/10.1145/3097983.3098069.

10


https://towardsdatascience.com/tf-idf-explained-and-python-sklearn-implementation-b020c5e83275
https://towardsdatascience.com/tf-idf-explained-and-python-sklearn-implementation-b020c5e83275
http://archive.ics.uci.edu/ml
http://archive.ics.uci.edu/ml
http://snap.stanford.edu/data
http://snap.stanford.edu/data
https://doi.org/10.1145/1217299.1217301
http://jmlr.org/papers/v8/macskassy07a.html
http://jmlr.org/papers/v8/macskassy07a.html
http://networkrepository.com
https://doi.org/10.1145/3097983.3098069
https://doi.org/10.1145/3097983.3098069

[16] D. Zhou, J. Huang, and B. Scholkopf. Learning from labeled and unlabeled data on a directed
graph. In Proceedings of the 22nd International Conference on Machine Learning, ICML °05,
page 1036—-1043, New York, NY, USA, 2005. Association for Computing Machinery. ISBN
1595931805. doi: 10.1145/1102351.1102482. URL https://doi.org/10.1145/1102351)
1102482.

ChecKklist

1. For all authors...
(a) Do the main claims made in the abstract and introduction accurately reflect the paper’s
contributions and scope? [Yes]
(b) Did you describe the limitations of your work? [Yes]
(c) Did you discuss any potential negative societal impacts of your work? [Yes]
(d) Have you read the ethics review guidelines and ensured that your paper conforms to
them? [Yes]
2. If you are including theoretical results...

(a) Did you state the full set of assumptions of all theoretical results? [Yes]
(b) Did you include complete proofs of all theoretical results? [Yes]
3. If you ran experiments...
(a) Did you include the code, data, and instructions needed to reproduce the main experi-
mental results (either in the supplemental material or as a URL)? [Yes]

(b) Did you specify all the training details (e.g., data splits, hyperparameters, how they
were chosen)? [Yes]

(c) Did you report error bars (e.g., with respect to the random seed after running experi-
ments multiple times)? [Yes]

(d) Did you include the total amount of compute and the type of resources used (e.g., type
of GPUg, internal cluster, or cloud provider)? [Yes]
4. If you are using existing assets (e.g., code, data, models) or curating/releasing new assets...

(a) If your work uses existing assets, did you cite the creators? [Yes]

(b) Did you mention the license of the assets? We were unable to find the license for
the datasets we used.

(c) Did you include any new assets either in the supplemental material or as a URL? [N/A]

(d) Did you discuss whether and how consent was obtained from people whose data you’re
using/curating?

(e) Did you discuss whether the data you are using/curating contains personally identifiable
information or offensive content? [N/A|

5. If you used crowdsourcing or conducted research with human subjects...

(a) Did you include the full text of instructions given to participants and screenshots, if
applicable? [N/A]

(b) Did you describe any potential participant risks, with links to Institutional Review
Board (IRB) approvals, if applicable? [IN/A]

(c) Did you include the estimated hourly wage paid to participants and the total amount
spent on participant compensation? [N/A]

11


https://doi.org/10.1145/1102351.1102482
https://doi.org/10.1145/1102351.1102482

	Computation of w([s1][s2]) and w([s1][s2][q]) 
	Directed Random Walker
	Proof Theorem 4.3
	Proof Theorem 5.1
	Further experiment details
	Reference methods
	Datasets
	k-Nearest Neighbor graph construction
	Hardware
	Teleporting random walker
	Efficient computation of the DProbWStrw probabilities



